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Abstract 

We study the Lorentz and CPT violating effects on the branching ratio and the CP 
violating asymmetry of the lepton flavor violating interactions — > cy and r — > /ry, in the 
model III version of the two Higgs doublet model. Here we consider that the Lorentz and 
CPT violating effects exist in the QED part of the interactions and enter into expressions 
in the lepton propagators and in the lepton-photon vertex. We observe that there exists a 
non-zero CP asymmetry. However, the Lorentz and CPT violating effects on the br aching 
ratio and the CP asymmetry are negligibly small. 



*E-mail address: eiltan@heraklit.physics.metu.edu.tr 



1 Introduction 



The Lorentz and CPT symmetries are conserved in the standard model (SM). At higher scales, 
like the Planck scale, there are signals that these symmetries are broken [TJ, for instance in 
the string theory [2], in the non-commutative theories j^j. In j^j it was emphasized that the 
spacetime-varying coupling constants can be associated with violations of local Lorentz in- 
variance and CPT symmetry. The discussions on CPT violation on neutrino oscillations are 
presented in [S|. 

At the low energy level, the small violations of these symmetries can appear and with the 
inclusion of them the general Lorentz and CPT violating extension of the SM is obtained [HI El- 
In the extension of the SM the Lorentz and CPT violating effects are carried by the coefficients 
coming from an underlying theory at the Planck scale El- There are various studies on the 
bounds of these coefficients in the literature. They have been constrained by the experiments 
involving hadrons [HI HU EI] , protons and neutrons jllj . electrons [121 EI]) photons |14j . muons 
[To] . The natural suppression scale for these coefficients can be taken as the ratio of the light 
one mi to the one of the order of the Planck mass . Therefore the coefficients which carry the 
Lorentz and CPT violating effects are in the the range of 10~ 23 — 10~ 17 13J. Here the first 
(second) number represent the electron mass m e (itiew ~ 250 GeV) scale. 

In the recent work ^B] the amplitude for vacuum photon splitting in the framework of 
general Lorentz and CPT violating Quantum Electro Dynamics (QED) extensions have been 
analyzed and it was observed that radiative corrections arising from Lorentz violation in the 
fermion sector induce the vacuum photon splitting. In [T7j the one loop renormalizability of 
the general Lorentz and CPT violating extension QED has been showed. 

In the present work we study the Lorentz and CPT violating effects on the branching ratio 
(BR) and the CP violating asymmetry Acp for the lepton flavor violating (LFV) interactions 
H — > e7 and r — ► /ry, in the model III version of the two Higgs doublet model (2HDM), since 
these decays do not exist in the SM. Here we consider that the Lorentz and CPT violating effects 
exist in the QED part of the interactions and enter into expressions in the lepton propagators 
and the lepton-photon vertex. 

In the literature, there are several studies on LFV interactions in different models. Such 
interactions are analyzed in a model independent way in ^H]) i n the framework of model III 
2HDM [El EH EI|, in supersymmetric models [221 123 121 12S1 1213 123 I2H] • Furthermore the 
experimental current limits for the BR's ratios of the processes /i — > ej and r — > /ry are 
1.2 x 10 -11 1221 and 11 x 10-6 M respectively. 
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The inclusion of the Lorentz and CPT violating effects in the model III does not bring a 
detectable correction to the BR of the LFV processes under consideration, since the correspond- 
ing coefficients are highly suppressed at the low energy scale. However we try to examine the 
relative importance of the different coefficients which switch on the Lorentz and CPT violating 
effects in the BR of the decays /i — > and r — > /ry. In addition to this, we analyze the possible 
A C p in these decays and the coefficients which are sources of A C p. Notice that the A C p does 
not exist for the LFV decays li —>■ I2J in the framework of the model III and the possibility of 
such asymmetry has been studied in (2D]- In this work it was assumed that the Acp could be 
switched on when one considered the model beyond the model III and insert a new parameter 
into the interactions. The magnitude of the Aqp is directly proportional to this new parameter. 
The inclusion of the Lorentz and CPT violating effects in the model III causes a non-zero Acp, 
however it is too small to be detected, similar to the corrections on the BRs of these processes. 

The paper is organized as follows: In Section 2, we present the theoretical expression for the 
matrix element and the Aqp of LFV interaction li — ► Z 2 7 with the inclusion of the Lorentz and 
CPT violating effects. Section 3 is devoted to discussion and our conclusions. In the Appendix, 
we present the explicit forms of the functions appearing in the calculation of the matrix element 
of the decays under consideration. 

2 The LFV interactions /i — > and r — ► /ry with the 
addition of Lorentz and CPT violating effects 

This section is devoted to the derivation of the Lorentz and CPT violating effects on the BR 
and the CP asymmetry of the LFV l\ — > Z27 decay. The LFV interactions in the tree level are 
allowed in the general 2HDM, the so-called model III and the the LFV process can be regulated 
by the Yukawa interaction, 

where i,j are family indices of leptons, L and R denote chiral projections L(R) = 1/2(1=1=75), 0, 
for i = 1,2, are the two scalar doublets, In and Ej R are lepton doublets and singlets respectively. 
Here 0i and 02 are chosen as 



* 1 = 7f 

where only X has a vacuum expectation value; 



\ ( V2 X 



J_( V2H+ 



(2) 



< X >= -L ( £ j ; < 0, >= . (3) 



Now we consider the gauge and CP invariant Higgs potential which spontaneously breaks 
SU{2) x 17(1) down to 17(1) as: 

+ c 3 [(0+0! - v 2 /2) + <\>\<\> 2 f + ciMtMtM - (tMteM] 

+ c 5 [i?e(0+0 2 )] 2 + c 6 [/m(0+0 2 )] 2 + c 7 , (4) 

with constants q, i = 1, 7. With the choice of <pi, 2 and the potential V(<pi, 2 ), Hi and 7f 2 
are obtained as the mass eigenstates h° and A respectively, since no mixing occurs between 
two CP-even neutral bosons H° and h° in the tree level. 
The FCNC is produced by the part of the lagrangian 

£y,fc = ^hL^EjR + h.c. . (5) 

Here the Yukawa matrices £^ are responsible for the LFV interactions and, in general, they 
have complex entries. Notice that in the following we replace ^ E with where "N" denotes 
the word " neutral" . 

At this stage we insert the Lorentz and CPT violating effects with the assumption that they 
exist in the QED part of the interactions. The fermionic part of the general Lorentz and CPT 
violating QED lagrangian in 4 space-time dimensions reads jB] 

L = -$r"D M v - (6) 

where 

= Y + ^i 

M = m + mi (7) 

and 

r ? = c ^ la + d^ l5la + e^ + ir l5 + ^g x ^a Xv , 

mi = ^7^ + ^757^ + - V<^- (8) 

Here the coefficients a^, 6 M , c a/Jl , d a ^, e M , / M , and h^ u cause the Lorentz violation. Among 
them a^, b^, e M , / M and are responsible for the CPT violation (see jT^ for details). 

The LFV li — > Z 2 7 interaction occurs with the help of the neutral Higgs bosons, namely, 
Higgs bosons ho and Aq, in the model III. The Lorentz and CPT violating effects in and 
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mi ( see ec i- EI) axe taken into account with the insertions in the internal lepton propagator and 
the additional fermion-photon vertex (see Fig. QJ. Now we use the on-shell renormalization 
scheme to calculate the matrix element for the LFV process under consideration. Since, in the 
on-shell renormalization scheme, the self energy J2{p) can be written as 

J2(p) = (p - m l2 )J2(p){P - m h ) , (9) 

with p = jfiP^, the corresponding diagrams vanish when £1 (^-lepton is on-shell. However, 
the vertex diagrams (Fig. |2J) give a non-zero contribution and the logarithmic divergences are 
eliminated by inserting an appropriate the counter term V 

r j» = r o + r o jj (10) 

where T^ en and T° are renormalized and bare vertex functions respectively. Here the T^ en 
satisfies the equation, 

Frf n = 0. (11) 

where k is the 4-momentum vector of outgoing photon. Now, the matrix element of the LFV 
^1 ~~ * hi process with the addition of the Lorentz and CPT violating effects is obtained as, 



U = 32^* { A ^ + B ml<x + iHcP,** + E„ 



+ + B' 7q7 5 + K°mls + K75 )■ (12) 



where a e = 75= and 

c 167 



rl rl—x 

A = Y Qi €n,Ui &v,«a J dx J dy(l-x-y) A { (x, y) , 

rl rl—x 

B^ a = Y Qi Z,N,ihZ,N,u 2 J dx J dy(l-x-y) B ifia (x, y) , 

rl rl — x 

H a = V Qi €n,Ui£.n,U2 / dx j dy(l—x-y) H ia (x, y) , 
. Jo Jo 

t=e,fi,T 

rl rl — x 

E v = Y Qi €N,Ui€N,ih J dx J dy(l-x-y) E i:fl (x, y) , 

rl rl — x 

A ' = Y Qi 6\r,«i6r,« a / dx / dy(l-x-y) A[(x, y) , 

■ — JO JO 

i=e,fj,,T 

rl rl—x 

B 'm = Y Q£nMn,U2 J dx J dy(l-x-y) B' ifia (x, y) , 



^=e,/i,T 

rl-x 



rl rl — x 

H a = Y Qi Hn,Ui€n,U2 J dx J dy{l-x-y) H' ia {x, y) , 

rl rl — x 

K = Y Qi £n,Ui€n,u 2 J q dx dy(l-x- y) E' ifM (x, y) , (13) 



and 



Hi, a {x,y) = C ita {x,y) + Di(x,y) k a , 

H' i>a {x,y) = C>Jx,y) + D>(x,y)k a: (14) 

Here l\ (I2) is incoming (outgoing) leptons, i, Qi denote the internal leptons {i = e,fi,r), their 
charges and we choose the Yukawa coupling £n,Uu 2 ) rea ^- I n ec L ns - an d ([Hi the coefficients 
A ( X ,V), B i'la(x,y), CW a (x,y), Dl'\x,y), E^(x,y) are given in the Appendix. 
Finally, using the well known expression, 

^f^iMi^-g^ri^, (15) 

the decay width T is obtained in the l\ lepton rest frame. Here p (pi, i=l,2) is four momentum 
vector of l\ lepton, (Z 2 lepton, outgoing k photon). 

At this stage, we calculate the CP asymmetry Acp of the process l\ — > I2J. In the model 
III the CP violation does not exist even with the choice of complex Yukawa couplings ^jv.ij- 
However the addition of the Lorentz and CPT violating terms switch on the CP violating 
effects and these effects are very small since they are proportional to the the Lorentz and CPT 
violating coefficients. Using the definition of the CP asymmetry Acp 

A CP = ^£ , (16) 

where f denotes the decay width for the CP conjugate process, we get 

A = Jo dx Jo~ x dyVL(x,y) 
CP j}dxj}-'dyW{x,y) 1 ] 



where 



tt(x, y) = Q g (x, y) + n a (x, y) + Q b (x, y) + Q e (x, y) 



with 



£l g (x,y) = - \ m i m hQl\^N,ih\ 2 \CN,ih\ 2 sin2 9 ih g[p ,k,k}(F(z A ) - F(z h )) 



512 7T 4 



x {l-x-y)G l {x,y) 
384 vr 4 



4770^ 

Q a (x, y) = - — e 4 m h Q 2 i I W2I 2 lU'd I 2 cos2 °ih a [Po\ (Hi(z h ) - H 2 (z A )) 



t=e,fj,,T 

x (1 - x - y)G 2 (x,y) , 
ttb(x,y) = ~ Qg . \ m h m iQ 2 i\t,N,u 2 \ 2 \t,N,ih\ 2 cos 2 6 ih b[po] (Hi(z h ) -H 2 (z A )) 
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x (l-x-y)G 3 (x,y) 
A-wa e 
384 vr 4 



tt e (x, y) = - — e 4 51 m fi Q< I W2I 2 lU'd I 2 cos2 ^1 e tPo] (#i(^) - H 2 (z A )) 



i=e,iM,T 

x (1-x-j/)G? 4 (x,j/), (19) 
Here the function F(zs), Hi(x,y) and Gi(x,y) read 

*\2s) = — FT" — 773(3-4^5 + 4 + 2/7125), 
m% (25 - If 

Hi(z s ) = — a-p— — — ((^-l)(6m i (3-42;s + 4)+^i(- 4 + 5^ + 54 



™! (*s - I) 4 v 
+ 6 (2 m, (25 - 1) + m h (1-2 2:5) 25) In z s ^j , 
^2(^5) = -6777,^(2:5), 
Gi(x,y) = (7 )xy-{- )x(x + y-2) 

J^l,h° ^l,A° L 2,h° ^2,A° 

+ 2(-y h y^— )m i m /l x 2 (x + jy) , 



G 2 (x,y) 



™i + fTtyj X 777j — 777^ X 

T2 ?2 

-^2,/i.f ^2,A° 

x (1 - 4x - 4 7/) 1 



a v r2 7-2 . 



x(3-4x-4t/). 1 1 1 1 . ffHx,y) fr(x,y) 



G *( x iy) = 5 (7 7 — + 7 7 — )~ x \ j2 j2 

£ ^2,/i° J^2,A° L l,h° J^1,A° \ L 2A° - L 2,/i° 



f2 + (x,y) , /2 (z,2/)' 



+ ^p-+^-p-], (20) 



7-2 7-2 



and 



fi(x,y) = 2 rrij 777,/j x + ml (— 1 + x — 7/) — m? xy (— 1 + x + y) , 

fi(x,y) = 2 rrii x + m\ (1 — x + y) + m 2 xt/ (— 1 + x + 7/) , 

/^(x, 2/) = 2 777j 777/j x + m\ ( — 1 + x — 7/) + x (x + 7/) ( — 1 + x + y) , 

f 2 (x,y) = 2 mj x + m\ (1 — x + y) + m 2 x (x + y) (1 — x — y) . (21) 

Notice that the index k — 1, 2, 3; the parameters L(i,2),5, z s are given in the Appendix and we 
do not give the explicit expression for the function W(x, y) since it is very long. Here we take 
the Yukawa couplings £n,Ui complex with the parametrization 

^H^Je^, (22) 

and £jv,iz 2 real. In eq. (HHJ), the coefficients g\po,k,k] = g[0, k, k], a[po] — ^i«[0], 6[po] = 
b[0] and e[po] — e [0] exist since we study in the rest frame of the incoming lepton Zi. 
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Here g[0, k, k] is CP even and the others, a[0], b[0], e[0], are CP odd coefficients appearing in the 
lagrangian eq. (jBJ) (see 0). The Aqp is nonzero due to the complex nature of the couplings 
for the part Q g and CP odd nature of the coefficients for the part Q a + Qb + Q e . 

3 Discussion 

In this section we analyze the Lorentz and CPT violating effects on the BR and the Aqp for the 
LFV ji — > e7 and r — > /xj decays in the framework of the model III. The Yukawa couplings 
and £jvir (* = e ' A*> r ) are responsible for the LFV decays. They are the free parameters of the 
theory and they should be restricted by respecting the appropriate experimental measurements. 
Fortunately, the strength of the Yukawa couplings £jy j ■ are considered as proportional to the 
masses of the leptons which are given by the indices and therefore, the contribution of the 
couplings related to the heavy leptons are dominant. For the decays 11 — > c-f and r — > /ry 
the main contribution comes from the internal r lepton and the Yukawa couplings £j| r „, Cw,re 
and £jf TT , £jv )TAt play the main role respectively. There are various studies on the strength of 
these couplings in the literature. The upper limit of the coupling £j| T „ has been predicted as 
~ 0.15, by using experimental result of anomalous magnetic moment of muon in |31j . In [32] 
the coupling ^ Tfl and £§ TT has been estimated at the order of 0.03 and 0.15 respectively. For 
the coupling £§ Te the prediction has been done at the order of the magnitude of 10" 4 — 10~ 3 
in [T^l, by using the experimental result of the electric dipole moment of muon [33] and the 
upper limit of the BR of the process ll — > |Hlj. Notice that the couplings are complex 
in general and in the following, we use the parametrization 



where Gp = 1.6637 x 10~ 5 (GeV~ 2 ) is the fermi constant. 

A possible small violations of Lorentz and CPT symmetry in the extension of the SM arise 
and those effects could be detected in the existing experiments jj- In the present work we 
assume that these effects are only due to the QED part of the interactions and we take their 
effects into account. Even if their contributions are negligible in our processes, we try to 
understand the relative behavior of different coefficients, violating Lorentz and CPT symmetry, 
in the BR and the CP violating asymmetry Aqp- In our calculations we take the numerical 
values of the coefficients at the order of the magnitude of 10~ 20 — 10~ 18 respecting the existing 
results 1 17. 




(23) 



a\, \b\ 



m»{rn T ) 



rripw 



< 10~ 18 (10- 17 ) GeV, 



M P 
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\d\,\c\,\e\,\f\,\9\ ~ < 10" 21 (10- 20 ) , 

(24) 

where m^w (Mp) is the electro weak (Planck mass) scale. 

In Fig. El we present the magnitude of the coefficient dependence of the Lorentz violat- 
ing part of the BR for the decay p — > e 7 , for the real Yukawa couplings, £jy T „ = 30 GeV, 
£,Nre = 0.001 GeV . Here solid (dashed, small dashed, dotted, dot-dashed) line represents the 
dependence to the coefficient \a.p\, \b.p\, c Sym , (d Sym , \f.p\, \g\p, f3, f3]\), \e.p\), in the case that 
the other coefficients have the same numerical value 10~ 20 . The BR is at the order of the mag- 
nitude of 10~ 33 — 10~ 30 , which is a negligible quantity compared to the current experimental 
limits 10" 11 [2H]- It increases with the increasing values of the coefficients, especially |/| and 
\a\. The BR is much more sensitive to the coefficient |/| compared to the others. 

FiglU is devoted to the magnitude of the coefficient dependence of the Lorentz violating 
part of the BR for the decay r — > /i 7 , for the real Yukawa couplings, £§ TT = 100 GeV, 
fjv r „ = 30 GeV. Here solid (dashed, small dashed, dotted, dot-dashed) line represents the 
dependence to the coefficient \a.p\ (\b.p\, c Sym , (d Sym , \ f.p\, \g\p, (3, /3]|), \e.p\), in the case that 
the other coefficients have the same numerical value 10~ 20 . The BR is at the order of the 
magnitude of 10~ 29 — 10~ 24 , which is a negligible quantity compared to the current limits 10 -6 
[3*0] . similar to the previous process. Here the increasing values of the coefficients, |/|, \a\ and 
c Sym j ncreases the BR. However the BR decreases with the increasing values the coefficient |6|. 
The BR is much more sensitive to the coefficients |e|, \a\, \e\ and |6| compared to the others. 

Now, in Fig. (jHJ), we present the possible CP violating asymmetry Acp for the decay 
p -»• e 7 (r -f /i 7 ), for the Yukawa couplings, |£f iT/ J = 30 GeV, \£§ >Te \ = 0.001 GeV (\£% tTT \ = 
100 GeV, |£f jT/ J = 30 GeV), sind T ^ = 0.5 (sind TT = 0.5). Notice that we take sin9 re = 
(sin9 T ^ = 0) for the decays p — > e 7 (r — > pq). Here solid (dashed, small dashed, dotted) line 
represents the dependence to the coefficient \g[po, k,k]\, \a[p ]\, \b[po] \ and |e[po]|> i n the case that 
the other coefficients have the same numerical value 10~ 20 . The coefficient g[po, k, k]\ (\a[po}\, 
\b\po]\ and |e[po]|) is CP even (odd) and the source of the Aqp is the complex nature of the 
couplings for the part proportional to the coefficient g[po, k, k]\ and the CP odd nature of the 
coefficients for the part proportional to coefficients |a[po]|, \b[po}\ and \e[po]\ (see eq. HHj). For 
the p — > e 7 (r — > prf) decay A C p is much more sensitive to the coefficients g\po, k, k] \ and \e[p }\ 
(g[po, k, k]\, \e\po)\ and \a[p ]\ ) compared to the ones \a\po]\ and \b[po]\ (\b[p ]\). It increases 
with the increasing values of g[p ,k,k}\ and \e[po}\ (g\po,k,k]\, |e[po]| an d |a[po]|)- Notice that 
in the case of real couplings the coefficient g[p Q ,k,k}\ does not give contribution to the Aqp 
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However the numerical value of Aqp is very small, at the order of the magnitude of 10 -19 for 
both decays and it seems that it is not possible to detect even in the future experiments. 
At this stage we would like to summarize our results: 

We analyse the Lorentz and CPT violating effects on the BR and Acp for the LFV decays 
fi — > e7 and r — > ^7 in the framework of the model III. Here we assume that these effects are 
only due to the QED part of the interactions. By taking the numerical values of the coefficients 
at the order of the magnitude of 10~ 20 — 10~ 18 we study the relative behaviors of different 
coefficients 

• The contribution of the Lorentz and CPT violating part to the BR of the decays /x — > 

(r — > yrf) is at the order of the magnitude of 10~ 32 (10~ 26 ), which is too small to be 
detected. For the decay fi — > ej the BR is more sensitive to the coefficient |e| compared 
to others and for its large values the BR reaches to the order of 10 -30 . For the decay 
r — ► /J7 the BR is sensitive to the coefficients |e|, \a\, \e\ and \b\ and it can take the values 
at the order of the magnitude of 10~ 24 

• We predict the numerical value of Aqp at the order of the magnitude of 10~ 19 for both 
decays. The source of the A C p is the coefficients g\p ,k, k] = m tl g[0, k, k], a[p ] = 
mi x a[0], b[p ] = b[0) and e[po] = m h e [0]- Here g[0, k, k] is CP even and the others, 
a[0], b[0], e[0], are CP odd appearing in the lagrangian eq. (jEJ) (see [Hj for details). The 
A C p is nonzero due to the complex nature of the couplings for the part Q g and CP odd 
nature of the coefficients for the part Q a + Qb + ^e- We observe that the Acp is too small 
to be measured even in future experiments. 

4 Appendix 

The coefficients A^(x,y), B^ a {x,y), C^ a (x,y), D?(x,y), E { ^{x,y) in eqns. (JU and (JH 
reads 



Ai(x,y) = { (-— + )(1 + x + y)+{-^— + yy— )/i +(yy - j ^—)m h m i x(x + 2y) )a 

,, , , , , -,t4- - j5—)m h rnix \ + (7 



+ \ m iV \ (t2— + 72 — ) h + 2(72 — 72 — ) m h m i x ) + (7 — + 7 — ) m * y 

- ({jm +xm h )j2 \~ {m - xm h )—^—)(x + y){ml - xym 2 h ) - Mm* (-2 + x + 

L 2,h0 L 2,A0 1 " 



Ax (x + y) m h ) — V (mi(— 2 + x + y) + Ax (x + y) m h ) — - 



>e.k 
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+ (?T IT—) m 'i m * f (/a - m i + m h x ( x + c ^ m 

+ ( T ^-- T ^)^ 1 m l x 2 (2 + a ;)c A ^ m [p,p / ] 

+ 2ix ( — ^— (to* (x - 1) - m h xy) + — !— (m 8 (x - 1) + ra h xy) ) 

V- L 2,/iO 2,A° J 

+ jra^ x 2 (x + y) (yg[p,p',k] +xg\p,p',p\) -i (x 2 (-4 — !— ) 

+ x(x + 1) (-4 -J— )) m h g[k,(3,(3} - i-^— ( (x + y) x (rrii (1 - x - y) 

+ 2m h x(l -yj)g\p,p',k] + ^x 2 (mi(2x + y -2) +Am h x(-1 + y)) g[p,p ,p]^j 
((x + y) x ( - mj(x + y - 1) + 2 m,, x(-l + y)) y[p,p', fc] 
(2x + y-2) - 4ra h x (-1 + y) ) g\p,p' ,p\^j , 



— i 



1 K 
+ - x [m 

A!i(x,y) = \ (jl— + — !— ) / 4 (1 - x - y) - 2 (-^ ) x (x - 1) raj ra Zl + 

I ^l,h° ^l,A° ^l,h° ^1,A° 

1 1 1 1, 2 1 I 



+ (7 + 7 ) (- 1 + 3x - y) - (-2 -2—) x raj ra h - (-5— + y^— ) /, 

+ (7^— + 7—) (1 + x + y) \b.k - i J (-2— + Y^—)mi y (m 2 h x (x + y) - m 2 ) 

1 1 /rrii + mux m i — m l ,x\ / 2 2 . 

- 3mj(- + - )-( -2 + — - 2 J(x + y)(m i +xyra,J 



/3m i + 4im, 1 3raj-4xra h \. 1 

( TZ7. + lT7„ ) + /■* 



+ (71- " TJ-) ™'i ™< ^ (1 - 3x - 3y) 

L 2,hP L 2,A° 
1 11 

+ ^^(72 ^72 — )mjx/i[a;,/3] kppe 

1 L l,h° L 1,A° 

1 11 

+ 7 e pea/3 (-2 h -2 — ) rrii x (1 - x - y) (x + y) y[/3, a, fc] , 

B ifia (x,y) = -iljtpapJjj —^)m i m h x(l-Ax-Ay) + -^—(f A + 2m i (m h x + m i y)) 

+ -^-(/4 + 2m i (-m ll i + m i ?/)) + (t~ 1" T ~) ( _1 + 3 x + 3 V) 1 fc P & 

f /. 1 1 w . 1 1 , \ . 1 1 . 

- ^ raj m h y [{—^ — 2 — ) / 3 + {— 2 V — 2 — ) m, m h x +3 (- ) m, m h y 
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+ m h (x + y) (to- + m 2 h xy)(-^—(mi + m h x) + (-m, + m h xj\ 

L 2,h° L 2,A° 

+ rn h ( — — (4 m h x (x + y) + m; (1 + 3 x + 3 y)) + — — U m h x (x + y) 

- m f (1 + 3x + 3 2/))^ I c As2/m [//,a] - ie pa/3M |2 (-^ J^—) m h mxy 2 

+ (7^- " IT-) m 'i m ^ + V) (V ~ !) } fc p fc] - 4 (7^- " 7— — ) "i,, (z + y) 

11 11 1 

- (72 72 — ) m hh-(j2— + j2 — )m h m i x 2 \h[n,a] 

^2,h° L 2,A0 ^2,h° L 2,A0 ) 

+ 7Wm(tt -p!—) m h x y 3 k p g[(3,k,k] + i\—^—(m i (x - 1) - m h (x + 2y + 2xy) j 

1 L l,hP L 1,A° { L hh° \ ) 

+ T~~ \ m i( x - 1) +m h (x + 2y + 2xy)\ \g[k,a,n] - 2% (-4 )m h xy 

+ — ^(2mi(a;- X ) ~ m 'i (a; (y — 2) -4 3/ (1 — 3 j/)) ) ^ 

+ 4 ("T" T~^ m ^ x y \9ln,k,a] -2g\ji,p,a] + 10#[/i,a,p] J 

ill / 

- 7(72— + 72 — W^a; -4x(x + y)^[fc,a,^] + 8x(x + y)^[p,a,^] 
4 ^2,^ ^2,A° V 

+ 2 (x 2 + y (y - 1) + x (2y - 1)) g[i2,a,k} - x (-2 + 2x + y) g[i2,a,p}^ 

+ i{-r -7—) m h x ( x + y)g[v,P,®} + i I -r— ( m i (-l + x + y) + 4m h (x 

^2,h° ^2,A° 2 [ L 2 ,h ( > \ 

+ x 2 + y-y 2 ) S] j + j-^—^mi (-1 + x + y) - Am h (x + x 2 + y - y 2 ) | g[k, a, fi] 
% 1 ^ m { (-1 +x + y) +m h (11 x 2 + 8y (y - 1) + (19 y - 8) x)j 

mi (-1 +x + y)+m h (-11 x 2 - 8y (y - 1) - (19y - 8) x) g[fi,a, k] 



2 L 2: h° 
i 1 



2L 



2,A° 



+ 7(7^ 7—) (m h U(x + y- l)g[p,a,fi] - (x + y) g[/i, k, a] + 2 (5 x + 5 y - 4) 

Z L 2j h° ^2,A° \ 

x g\p,a,p. 



B ' ipa ( x , V) = -itpapn \ ~ (j^ 7^—) m h m iX + (-2— + -2—) f 3 (-l + x + y) 
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+ (-^— + -^—)(-l + 3x + 3y) + (-^ + -^)(m 2 (y-l)+m 2 i xy(-l+x + y)) 

^l,h° L 1,A° L 2,h° L 2,A° 

+ (7^— + 7—) (-1 + 3 x + 3 y) \ k p ap - m z h rrii x \ 2 (-y -^—) y 2 

+-2,h» L 2)A o J { L 1A o ^ M o 

+ (j^-j^)(y-^^ + y))d ASym [n,a} 

^2,h° ^2,A° ) 

- (7^— + Tj— ) m i I ( 2 ( x ~ 1) y /?] + a; (1 + 2 a;) /i[p, (3]) k p 

L l,h° l i,a° I 

- x{{l + 2y)h[k,P]p p -h\fi,a]k p p e + (2y + l)h\pi,P]k p pe) j 

-epeap^j^— ^2x(mi + m h x)h\p,f3] - (rriiX 2 + 2m { y + 2m h x 2 y + 2m h xy 2 ) h[k, 

\— (2.x {mi - m h x) h\p,(3] - (rriiX 2 + 2m i t/-2m il x 2 j/-2m, 1 x«/ 2 ) /i[A:, j A; p 



+ L 2 



e P a/? M {(yj 7j— ) (a + 2/) fc] - 2yg\P, k, k] - 2 xg\J3, k,p\ - xg\J3,p, 

{ L l,h° L 1,A° 



-)m h xy 



x 



1 11 1 1 1 1 

+ ~(x + y) ml y 2 (-^— + -^—) a,k] \k p + - (- — 

(#,/3,A] + 2«?[A,/3,A;]) (2 9 [A,/3^] + #,^A])fc p 

TtW/* ( x + ( 71— ( m i (~ 1 + x + y)- 4m h (y -l)(x + y)) 

1 \ L 2,h° 

+ jj— (rrii (-1 + x + y) + Am h (y - l)(x + y)^j k p g[[3,k,k] 

]— (8m h x(y - 1) (x + y) {g[p,(3,k} -g[(3,k,p\) 
i,h° 

+ mix (-2 + 2x + y) g\J3, k, p] ) - — 2 — (8 m h x (y - 1) (x + y) (g\p, (3, k] - g[(3, k, p\) 



J 2,h° 

4- 11) n\R_ k.r)\ \ — 

L 2,A0 

mix(-2 + 2x + y)g\j3,k,p\) \k p 



- (75 h 72 — ) m 2 h mix(x + y) 2 g[X, (3, k] + e papx (1+x-y) g[X, (3, //] fc p 

111 / 

(7 7 )x(x + y)m h (g[k,P,X] + 2g[X,P,k])e a ^ + (g[fx,P,X] 



2 L 2t h° L 2t A° 
+ 2g[\(3,l4) e P<xp\kp^ , 



1 1 , . \ „ ,1 1 



Ci, a (x,y) = \my [(j2— + J2 — )mm h x + (-2 — )/ 3 )+?>m i y(- ) 
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+ (x + y) (m 2 + m 2 i xy) (-^(m i + m h x) + -^—(-m i + m ll x)] 

\ L l,h° L 2,A° I 

+ — — ( 4 m h x (x + y) + rrii (1 + 3 x + 3 y) ] + 1 ( 4 m h x (x + y) - rrii (1 + 3 x + 3 y) 
^2,h° V / L 2 a° \ 



x c ASym [k,a] 



i , 1 
+ - 



-2— + 72—) ™* ™h ^ 2 + (yj 72—) h ~ (7- 7—) (a: + y) 1 M fc > a] 

— ) y (2x g[p,p', a] + (5x + 12 y) g[k, a, k} + 10 x g[k, a,p] + 4x g[a,p, k] ) 



2 L ljh o L ltA o ' 



1 

- - mi mi 



1 (77 h 7J— ) a: ( a: (-2 + 2 x + y) y[/c, a, p] - 2 (x + y) ((1 + x - y) y[a, fc, k] 

L l,h° L l,A° V 



- Axg[a,p,k})\ t~) x \ ( x + v) 9\p,p'®} + (5x + 5y - 4) g[k,a,p] 

- {jx 2 + 12 y (y - 1) + x(19 y - 12)) y[£;, a, k] - 4 x (-1 + x + y) g[a, p, k]j j , 
C iia (x,y) = mmtx\2(-^--^)y 2 + (-^--^)(x + y)(y-l))d AS y m [k,a} 

{ ^l,h° ^l,A° ^2,h° ^2,A» ) 

+ 3m z y (J- - - c^ m [A;, a] + 1 (J- - -J-) m 2 x|/ 3 fiK fc, fc] 

+ J (1— 7 ) (2a;0[p,f/a] - (5x + 12 y) g[a, k, k] - 10xg[a,k,p] - Ax g[a,p, k}) 

2 ^l,h° L 1,A° v 7 

+ 7 e pae/ 3 mi m (l (7^— + 77—) (x 2 + y{y-l)+x (2y - 1) ) g[f3, 6, k] k p , 

4 L 2,h° L 2,A° 

Di(x,y) = - (-^(m i (x-l)+m ll x(y-l))-—^)(m i (l-x)+m ll x(y-l))} 

1-x-y \L 1A o v / L 1;A o v ' J 

- [ 77— (rrii (x 2 - 2 x - 2 y + 2 x y) - 2 x y (x + y)) 

\ L 2,h° 

- — j — fmj (x 2 — 2x — 2y + 2xy) + 2m; 1 xy (x + y)) J a. A; 

- ( 77— (2 x (m, + x)) - — !— (2 x {rrii ~ rn h x)) ) a.p 

\ L 2,h° L 2,A° ) 



\{-^- 1 ^)m t x{l-Ax-Ay){b.k-2 b.p) - \ + - A- 

2y (7^— (3m ; + 4xm^) - 7^ (3m, - 4xm/j) - + 



^i jh o ^i )j4 o iv 2jh o ^ 2 ,A0 

+ 2 — !— (mi (1 - 3 x - 3 y) - m,! x) - 2 - J— (rrii (1 - 3 x - 3 y) + m Zl x) ] c Sym 

^2,h° ^2,h° J 

+ (2 (J- - 7^) m,xy + (J- - 7^)m,x 3 ) c^ m [ P)P '] 
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- I y —^— (m 2 (-1 + x- y) +2m i m, 1 j;(-l + x + y) + m\ x (x + y) (x + y - 1) ) 
I L i,h° 

+ y~jy—(rri 2 i (1 - x + y) + 2 mim h x (-1 + x + y) - m 2 i x(x + y) (x + y-1)) 



- (y^ —^—)y(Ax + Ay- 3) + (x + y) -p^—(m 2 (1 - x + y) + 2m i m h xy 

J^l,h° J^1,A° J^2,h° 

+ m\ xy(x + y—\)\ — (x + y) —^ — (m 2 (1 — x + y) — 2m i mi 1 xy — m\xy (x + y — 1)) 

L 2,A° 

+ (x + y) (— *— - — *— ) (-3 + Ax + Ay)) le.k - \x-^— (m 2 (-1+x- y) 

- 2mi m hl x + m\ x (x + y) (—1 + x + y) J + x —^ — (m 2 (1 — x + y) 

- 2rrii mi x x + m h x (x + y) (1 — x — y) — (- ) x (Ax + Ay — 3) 

- x—^—(m 2 (l -x + y)-2m i m h x + m 2 l xy(x + y-l)) + x (m 2 (l -x + y) 

L 2,h° L 2,A° 

- 2m i m lx x + ml xy (x + y - 1)) - x (— ^ — — ) (-3 + Ax + Ay)) 1 e.p 

' ^2,h° L 2,A° J 



2ix(-^--^)(2y(y-l)+x(3y-l))h\p, P ']-2i(-^--^- 

1 1 

x (~2y 2 g\p,P,k} + x(x-2y)g[p,p',p}) +i(- ) x 2 g[k, (3, (3} 



' Li }h o L 1)A o 

+ i(-^ -2 — )( x(-Ay(x + y) (x + y- l)g\p,p',k] 

^2,h0 L 2,A Q V 

+ 2(-2y + 2y 2 + 3xy - x) g[p,p',p})) - % (-L- - — !— ) x (1 - x) g[k, (3, 0\ } , 

' ) ^2,h° ^2,A° J 

Dl(x,y) = ~{\jir- (8m h xy(-l+x + y) + m i (Ax 2 -Axy + 8y + x)) 

11 1 

+ -—2 — (8ml! xy(-l + x + y) - mi (Ax 2 - Axy + 8y + x)) + — (m; (x 2 + 2y) 

4 L 1,A° L 2,h° 

+ 2m h xy(x + y)} + -^—(-m,i(x 2 + 2y) + 2m h xy (x + y) ) | b.k 

~ \ x \ 7T — (~ 4 m h x - m i ( 3 - 4 V)) + \ x -rj— (- 4 m h x + mi(3-Ay)) 
{ 1 L l,h° 1 L 1A° 



2 x (jl~( m i + m h x ) + T^— (~ m i + m h x )) \ b.p 

L 2,h° L 2,A» J 



+ \xym 2 l -2— (m h x(x + y) - m { (y - x)) + (m h x(x + y) - m { (x - y)) 
I \ L l,h° L hA° > 
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- x(x + y)(y- l)m 2 h ( (m, - 2m h x) - —^—{mi + 2m h xU 

\ L 2,h° l i,a° / 

- 8(-^ + -^)m il xy-2(-^ + -^)m /l x(l-4x-4y))^ m 

{1111 1 
4a;|/ 2 (-2 — 2 — )mi + (-^ yj — )m;x(3x 2 + 2 (y - 1) y + x (5 y - 3)) \ 
L l,h° L 1,A° 2,h° L 2,A° ) 

E itli (x,y) = m h | y^— ^ - m * 2 C 1 +y) + m h X V ( X + V - x ) +mm h x (x + 2y)^ 

- 77— (m 2 (1 + y) - m\ x y (x + y - 1) - m, m h x (x + 2y) j 

- (y— + 7— Mi + ^ + y) [ °m - «e P Aa M (yj -j^—)miXPpp' x b a 

^2,h° ^2,A° ) L 2,h° L 2,A° 

- I —2 — mj y (m 2 + TOj m; 1 x — m 2 x (x — y) J + —2 — ( m ; x — m 2 + m 2 x x (x — y) 
y (m, +4mi 1 s-2mi 1 j/] + — — ( - 4m h x + 2m h y) 



Li,h° \ J Li )A o 

— (x + y) ( — 2 — [3 + 3 m 2 x + 3 x 2 y + m 8 m 2 x x (2 — 2 x + y 

V '-2./, : 

+ — 2 — ( — 3 m 3 + 3m- x + 3 x 2 y — m, m 2 x x( 2 — 2 x + y)) J 
'-2..V " ' / 

mj (1 + 5x + by) + m\ x (6x 2 + 4xy — 2y 2 ) ] + (mi (1 + 5x + by) 



L2,lfi \ ) J->2,A° 

- m il (6x 2 + 4xy + 2y 2 )^|c A5?/m [A;,/i] 

- Umhjj T^—)f3 + (TJ TT— )m i m ll x) 

I ^l,h° ^l,A° 2,h° ^2,A° 



+ 6 (— ^ -J—) y - [2m? (x + y) + 2 m Zl m 2 x (x + y) + 2 mf x 2 y (x + y) 

- m\mix{x 2 -2x(y- 1) -2y 2 j - — !— ( -2m 3 (x + y) + 2 m (l m 2 x (x + y) 

/ L 2,A° \ 

+ 2 mf x x 2 y(x + y)+ m\ xm { (x 2 - 2 x (y - 1) - 2 y 2 ^j 

- 2— J— ( m i (l + 3x + 3y) + m il (4x 2 + 4xy)] + 2 -J— I m, (1 + 3 x + 3 y) 

^2,h° \ J J^2,A» \ 

- m h (4 x 2 + 4 x y ) ^ j c A5ym [p, /i] - | m h y (\ + y-*— ) / 2 
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1 1 



+ 2 (-2 -TTj — )m h m i x 

L l.h° L 1.A° 



- {~r— + t ) mi y - m h I (rrii (x + y - 2) 

^l,h° L 1,A° \ L 2,h° v 

- Am h x (x + y) ) + ^- (m^ (x + y - 2) + 4m (l x (x + y))^J | e M 

~~ 4 ^ T^ - ( m i (! - ^ - ?/) + m fx (a? 2 - a; 3 + xy 2 ) + m h x) 
+ - -y — (m 2 (-1 + x + y) + m 2 (-x 2 + x 3 - ii/ 2 ) + m^m^ x) 

1 L 1,A° 

+ J (7- 7—) (a: - 3y) - 2 -rj— (m 2 (y - 1) + m\ xy + mi m tl y) 



+ 



J 2,h° 

2 (ml (1 - y) - m 2 h x y + mi m h y ) - 2 (— -J—) (3 x + 2 y) 1 y] 



x (m { - xy)) 



+ M 2 T^ - + m 'i x ( mi + m Zl x y)) + 2 -2 — (-/ 4 + m Zl 

- 2 (-4 y^— )(^ + y) l%,y] - (-y— + ~^—)x 2 k p p e h\p,a] 

^2,h° ^2,A° ) L 2,h° L 2,A° 

- 2i(-^ -^—)m l h x(x + y) ( y 2 g\p, k, k] + xy g\p, k,p] + xyg[fi,p, k] 

h l,h° l i,a° V 

+ x 2 g[fi,p,p\] + ^(-^ — ^—)( 4(2 + 3 x)yg[k,p,fi] 

J * L l,h° L \,A° \ 

+ 4y(l + x + y)g[n,k,k] + 4x (x + y) g[n,k,p] 

- 8 (y - 3 y) g[fx, p, k] + 24 x y g [y, p, p] + 2 x 2 m 2 x y [y , /3, 0\ 



% 1 / . 
+ 2/7~ \ {X 

Z L 2,h° \ 



+ y) (m (-1 +x + y) - Am h (y - 1) (x + y) y[y, fc, fc] 



% 1 

+ 



-2 — l(x + y)(mi (-1 + x + y) +4m,, (y - 1) (x + y) g\p, k, k] 

L 2,A° \ 



9 T 2 

- Am h x(y- 1) ((x + y)y[y,£;,y] - (x + y) y[y,p, fc] + xg[n,p,p 

- i(-^ -^)(2(x + 3x 2 -2y 2 + 2y)y[y,y',y] +4(-2x + 4x 2 -2y 

^2,h° ^2,A° \ 

+ 7 x y + 3 y 2 ) y [/i, k, k] + 2 x (3 - 8 x - 7 y) y [y, fc, p] + 2 (4 x - 6 x 2 + 4 y - 9 x y - 4 y 2 ) 
x ~4x(2-3x-3y)y[y,y,y] -m 2 h x(x + 1) g[fi, (3, , 

E i,n( x ,y) = it P 0an(jj -^—)mixk p p e a a 

L 2,hP L 2,A° 
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+ \ - m h ( 2 (71 72—) m h rrii(x-l)x + (-^— + ) / 2 (-1 + x + y) J 

+ (-— + j^—) m h (-1 + 3x - y) - (-^— + -2—) m h / 4 - (y^ 7T ) K ™* ^ 2 

11 1 f 1 1 

+ (7 + 7 ) m h (1 + x + y) Sbp - \ 2 (— 2 -3—) m 4 i|/ 2 

+ 2 (y^- + — m h (2x - y) y - 2 (J- + — !— m h (3 x 2 + 4 x y + y 2 ) ) d AS ^, /x] 

M,A° ^2,h° ^2,A° ) 

+ -^—)m 2 h m i xy 2 + {-^ -^—) m 2 h m, x (3 x 2 + 2 (y - 1) y 

I ^1,A° ^2,ftO -^2,A0 

+ x (5y - 3)) 1 c^Hp, A*] - 4 (72— + 72*—) m h ™i V ( m l x(x + y)- m 2 ) 

J I L l,h° L 1,A° 

- 3 (— ^ h - J—) m h y - m h ( - j— (m h x + m;) + (-m (l x + m*) J 

^l,h° L l,A° \ L 2,h° L 2,A° ) 

x (x + y) (mf xy + m 2 ) - (x + y)m h (3 (-^— + ) + 4 (-4 — !— ) m h x ) \ 

\ L 2,h a L 2A° L 2,h° L 2,A° J ) 

x f p + 2xe p9af ,{-^ 72—) (yh[k,a] +xh[p,a})k p p 

L l,h° L 1,A° 

+ e pa ^ |i (yj— - ) |^m 2 (-l+a;-y)+m 2 i a:(a; + y)(a; + y-l)^ A; p 
1/1 1 x 3,1 1 w ,,11/ 

- 9(7^ + 72—) x mi m h Pp~o h 7 — ) ( x + y) k p~o l2~ V 2 mi m 'i x 

+ rn 2 (y+ 1) +m 2 i xy(-l +x + y))k p + 7 7^— ( - 2m i m h x + m 2 (y + 1) 

1 L 2,A° 

3 11 1 

+ m^xy (-1 + x + y)) k p - - (- )(x + y)fc p 

7 z /;o!,n /yo /in 



- « 



1 1 

2 L| A0 

3 1 1 

2 L 2 ^o L 2)j4 o 

^TT -j^—)mlxy 3 g[fi,p, k\ + e pa pA\ (— ^ —^—)xy(g[k,a,P] 

+ 2g[(3,a,k}) - ]- (-^— + )m i m ll x 2 (x + y) g\j3,a,k] 

1 L 2,h° L 2,A° 

- 7(7^ 7^)a;(^ + y) (g[k,a,P] + 2g[(3,a,k]) j fc p , 

2 _L 2j / l o i> 2 ,A0 / 



where 

Li )S = ml^ + tl-rr^ + xt-l + rr + y)^), 
^2,s = (1 -x)z h -xyz 1>h ) , 

fi = rn 2 (y + l)-mlxy(x + y-l), 
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(25) 



f 2 = m 2 + m\ x{x + y), 

h = m \ - m h x ( x + y)i 

fi = m 2 (l-y) + m 2 l xy(x + y-l), 

h = m i (fs + m l)v + m h x \2m^x(y - 1) (x + y) - 2ml y ~ m i m l (2 a; 2 + y 2 + xy - yfj , 

fe = -mi (/ 3 + ml) y + m h x (2 m\ x (y - 1) (x + y) - 2m\ y + m, m\ (2 x 2 + y 2 + xy - yfj , 

fr = 2 m\ (x + y) — 2 x 3 + x (—2 (x + y) + (x + 2x?/-|-2?/ 2 — 2 ?/)) , 

/ 8 = 2 m 3 (x + y) + 2mf x 3 + m\ x m-ix (2 mi (x + y) + m\ x (x + 2xy + 2y 2 — 2y)) , (26) 

with 2;^ = ^j-, = and for S 1 = h°,A°. Here we use /i[r, r'] = h a pr a r'^ 1 g[r,r',r"] = 
dap-y rOL r' 13 r" 7 and parametrize the coefficients c[r, r'\ and d[r, r'] as c[r, r'] = c^ m r a r' 13 + 
c Sym r.r', d[r,r'] = d^ ym r a r' 13 + d Sym r.r', where Asym (Sym) denotes the asymmetry (sym- 
metry) in the indices. Here h a p (g a /3 7 ) is taken antisymmetric with respect to indices (first two 
indices) and d a p (c a /s) traceless. 
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Figure 1: The CPT and Lorentz violating insertions, (a) . lepton propagator insertion (= % T^p^ 
where p is the 4-momentum vector of the internal lepton). (b). lepton propagator mass 
insertion (= —im-\) (c). lepton-photon insertion (= —iqT^ where q is the lepton charge). 
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Figure 2: One loop diagrams contribute to the LFV interactions l\ — > Z27 due to the neutral 
Higgs bosons h and A in the 2HDM. Dashed (curly, straight) lines represent h and A fields 
(electromagnetic field, lepton), the signs O and x represent the insertions into the propagator 
and the photon-fermion vertex. 
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Figure 3: The magnitude \ of the coefficient dependence of the Lorentz violating part of the BR 
for the decay p, — > ej, for the real Yukawa couplings, ^ Tfl = 30 GeV, £,§ >Te = 0.001 GeV. Here 
solid (dashed, small dashed, dotted, dot-dashed) line represents the dependence to the coefficient 
\a.p\ (\b.p\, (c Sym , d Sym , \g\p, j3, (3}\), \e.p\, \f-p\), in the case that the other coefficients have the 
same numerical value 10~ 20 . 
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Figure 4: The same as Fig. El but for the decay r 
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Figure 5: The magnitude x °f the coefficient dependence of the Aqp for the decay fi — > e^y, for 
the Yukawa couplings, | = 30GeV, |£jv,rel = 0.001 GeV , sind Til = 0.5, sin9 re = 0. Here 
solid (dashed, small dashed, dotted) line represents the dependence to the coefficient \g\po, k,k]\, 
l a bo]| 5 \b[Po]\ an d |e[po]|, in the case that the other coefficients have the same numerical value 
10 20 . 
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Figure 6: The magnitude x °f the coefficient dependence of the Aqp for the decay r — > //7, 
for the Yukawa couplings, |£jv tt | = lOOGeK, |£jv T J = 30GeV , sind TT = 0.5, sin$ TfJi = 0. Here 
solid (dashed, small dashed, dotted) line represents the dependence to the coefficient \g\po, k,k]\, 
l a bo]| 5 \b[Po]\ and |e[po]|, in the case that the other coefficients have the same numerical value 
10 2 ". 
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